Introduction
============

Common chimpanzees and bonobos are different species of the *Pan* genus (*Pan troglodytes* and *P. paniscus*, respectively), separated by the geographical barrier of the Congo River. Common chimpanzees are further divided into subspecies across tropical Africa ([@evt198-B33], [@evt198-B34]). The issue of genomic diversity and substructure among the different chimpanzee subspecies is controversial and of great interest. Briefly, *P. troglodytes* was traditionally divided in three subspecies: *P. t. verus*, located in western Africa occupying the Upper Guinea region; *P. t. troglodytes* extending throughout central Africa; and *P. t. schweinfurthii* living in eastern Africa. Later, the analysis of mitochondrial DNA (mtDNA) variation led to the proposal of a fourth chimpanzee subspecies, *P. t. ellioti* (also known as *P. t. vellerosus*), occurring in the Gulf of Guinea (Nigeria and Cameroon) in a region limited by the Niger and Sanaga rivers ([supplementary fig. S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online) ([@evt198-B51]; [@evt198-B5]; [@evt198-B32], [@evt198-B34]). Recent studies support the differentiation of *P. t. ellioti* from *P. t. troglodytes* using ancestry-informative markers, enabling the identification of the four subspecies ([@evt198-B34], 2012). *P. t. verus* branched from the last common chimpanzee ancestor ∼0.46 Ma and *P. t. ellioti* diverged from *P. t. troglodytes* and *P. t. schweinfurthii* ∼0.32 Ma. Even though occasional hybridization occurs between *P. t. ellioti* and *P. t. troglodytes* in the wild, these subspecies remain as major genetic isolates ([@evt198-B34]). Studies regarding chimpanzee simian immunodeficiency virus (SIVcpz) also support these findings, given that only *P. t. troglodytes* and *P. t. schweinfurthii* are infected in the wild (\>30% prevalence) and *P. t. ellioti* only get infected when kept in captivity with *P. t. troglodytes* ([@evt198-B43]; [@evt198-B61]). SIVcpz is one of many infectious agents transferred to humans from chimpanzees, and this zoonotic infection likely provided the ancestor to the human immunodeficiency virus (HIV) ([@evt198-B42]). Therefore, a better characterization of episodes of natural selection in chimpanzees may provide ways to further understand susceptibility to pathogens in hominoids and to improve the conservation of wild chimpanzees.

Ecological changes in the natural habitat of *P. troglodytes* have served to shape evolutionary immune responses to pathogens and adaptive responses in reproduction-related phenotypes ([@evt198-B10]). A genomic locus that is involved in both immune response and reproduction is the whey acidic protein (WAP) four-disulfide core domain (*WFDC*) locus ([fig. 1](#evt198-F1){ref-type="fig"}). *WFDC* genes (17 in total) encode small serine protease inhibitors with functions of regulating endogenous proteases ([@evt198-B11]; [@evt198-B45]). Neighboring genes semenogelin 1 and 2 (*SEMG1* and *SEMG2*) encode the main proteins of the seminal coagulum ([@evt198-B53]; [@evt198-B14]; [@evt198-B45]). *WFDC* and *SEMG* genes evolved from the same common ancestor and maintain some similar functions involving antimicrobial, immune, and male reproduction activities ([@evt198-B72]; [@evt198-B7]; [@evt198-B12]). Well-characterized genes at the *WFDC* locus include peptidase inhibitor 3 (*PI3*; also known as *elafin*) and secretory leucocyte proteinase inhibitor (*SLPI*), both pleiotropic molecules synthesized at mucosal surfaces that play a role in the surveillance against microbial and viral infections, including HIV-1 ([@evt198-B66]). This locus also includes the epididymal protease inhibitor *EPPIN* (also known as *SPINLW1*), which coats the surface of human spermatozoa, binds to SEMG1, and modulates the activity of prostate-specific antigen (PSA) altogether providing antimicrobial protection for spermatozoa ([@evt198-B62]; [@evt198-B18]; [@evt198-B74]). SEMG1 and SEMG2 play critical roles in semen clotting and in antimicrobial and antiviral protection for spermatozoa in the female reproductive tract ([@evt198-B18]; [@evt198-B46]). *WFDC* and *SEMG* genes have been shown to be targets of adaptive evolution in primates, where *SEMG*s *d*~N~/*d*~S~ values were positively correlated with female promiscuity. Specifically, in monoandrous primates, in which females mate with a single male (e.g., humans, gorillas, and gibbons), the ejaculate is gelatinous, whereas in polyandrous primates, in which females mate with multiple partners per ovulatory period (e.g., chimpanzees and macaques), the ejaculate forms a rigid copulatory plug that prevents the insemination of females by competing males ([@evt198-B15]; [@evt198-B16]). In chimpanzees, the copulatory plug formation is associated with a SEMG1 modular-based length expansion causing an increase in protein crosslinking ([@evt198-B41]). F[ig]{.smallcaps}. 1.---Schematic representation of the 20q13 *WFDC* locus, showing the relative positions of the *WFDC* genes. As depicted, the *WFDC* locus spans 700 kb and its genes are organized into two subloci (centromeric and telomeric; *WFDC*-CEN and *WFDC*-TEL, respectively), separated by 215 kb of unrelated sequence.

In human populations, the *WFDC* locus presents complex selective signals, including recent balancing selection on *WFDC8* in Europeans and positive selection in *SEMG1* in Asians ([@evt198-B24]; [@evt198-B25]). In order to evaluate the patterns of genomic variation and selection at the *WFDC* locus in chimpanzees, we sequenced 18 *WFDC* and *SEMG* genes and 47 control regions in 68 common chimpanzees from the subspecies *P. t. troglodytes*, *P. t. verus*, and *P. t. ellioti*. Overall, we generated a total of ∼13 Mb of high-quality sequence data, describing 1,268 single-nucleotide polymorphisms (SNPs), and we calculated summary statistics of population variation for 71 loci. We reconstructed the demographic history of chimpanzees and found a clear differentiation of *P. t. verus* from *P. t. troglodytes* and *P. t. ellioti* subspecies and in general, for *WFDC* genes we did not find departures from diversity levels observed in neutral evolving regions. Nevertheless, we identified a signature of strong selective constraints common to the three studied subspecies and centered in the *EPPIN*-like gene, *WFDC6*. In several primate species, *WFDC6* has lost the ability to inhibit PSA and in others it appears to have accumulated different deleterious mutations. Conversely, in chimpanzees and humans, the seven disulfide bridges, known to confer antimicrobial properties to *WFDC* genes, are preserved in *WFDC6*. The fact that chimpanzees have a polyandrous mating system, and as a promiscuous species they are particularly likely to be exposed to sexually transmitted pathogens, leads us to propose that strong conservation of *WFDC6* function has been necessary in chimpanzees due to its crucial role in innate immunity of the reproductive tract.

Materials and Methods
=====================

DNA Samples and Sequence Generation
-----------------------------------

The DNA samples include 68 wild-caught unrelated chimpanzees ([@evt198-B5]; [@evt198-B32], [@evt198-B34]), including Central African subspecies, *P. t. troglodytes* (15 individuals), Western African subspecies, *P. t. verus* (22 individuals), and the Gulf of Guinea subspecies, *P. t. ellioti* (31 individuals) ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). We studied the genetic variation in the *WFDC* locus by Sanger sequencing the coding regions of 18 *WFDC* and *SEMG* genes (comprising a total of 66 exons) and a number of intervening noncoding regions (spaced every ∼10 kb). Additionally, we sequenced 47 pseudogenes located in unrelated, neutrally evolving regions across the chimpanzee genome, used as control regions, as previously described ([@evt198-B3]; [@evt198-B25]) ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online).

Primers for amplification and sequencing were designed based on the Human Genome Reference Sequence (March 2006 assembly - v36.1), available at the UCSC Genome Browser ([genome.ucsc.edu](http://genome.ucsc.edu), last accessed December 24, 2013). All samples were polymerase chain reaction (PCR)-amplified and analyzed by bidirectional Sanger sequencing. Further details about PCR and DNA sequencing are available from the authors upon request. The sequences were aligned to the Human Genome v26.1 and polymorphic sites and fixed differences were detected with phred-phrap-consed package ([@evt198-B47]). To ensure sequence quality, we discarded variant sites in the first and last 75 bp of each amplicon segment. We manually curated sites found to have discordant genotypes in different amplicons. The ancestral state of each SNP was inferred by comparison with the human, orangutan, and macaque genome sequences ([@evt198-B31]; [@evt198-B3]; genome.ucsc.edu).

Statistical Analysis
--------------------

We assessed the subspecies differentiation levels by calculating the population differentiation (*F*~ST~ statistic) and by performing principal component analysis (PCA) on the SNP data ([@evt198-B19]; [@evt198-B52]). We used a locus-by-locus analysis of molecular variance, using 20,000 simulations, which was performed by Arlequin using its default values (constant model; [@evt198-B20]). The EIGENSOFT software package was used for PCA ([@evt198-B52]). We performed cluster analysis using STRUCTURE version 2.3 ([@evt198-B54]), assuming admixture and correlated allele frequencies. Fifty iterations of the data at each *K* = 1--5 with 500,000 Markov chain Monte Carlo (MCMC) burn-in steps and 500,000 MCMC iterations. STRUCTURE output was processed with CLUMPP and plotted with DISTRUCT ([@evt198-B13]). We used STRUCTURE harvester to determine the best *K* estimate. Population structure analyses were performed blinded to a priori population labels.

A model of chimpanzee demography was inferred using BP&P program which implements Bayesian inference with a MCMC and accommodates a species phylogeny as well as lineage sorting due to ancestral polymorphism ([@evt198-B55]; [@evt198-B71]). We used a proposed phylogenetic tree of the three chimpanzee subspecies ([@evt198-B34]) and included human as the outgroup. A gamma prior *G*(2, 1,000), with mean 2/2,000 = 0.001, was used on the population size parameters (θ~s~), and the age of the root in the species tree (τ~0~) was assigned to the gamma prior *G*(25, 5,000). This was based on the assumption of divergence time between chimpanzee and humans of 5 Myr and a mutation rate of 10^−9^ per site/per year (2 × 10^−8^ per site per 20-year generation). The other divergence time parameters were assigned to the Dirichlet prior ([@evt198-B71]). The analyses were run twice to confirm consistency, and parameters of historical demographic events are expressed as the mean and 95% confidence intervals of the posterior distributions.

Summary statistics of population genetic variation were calculated using SLIDER (<http://genapps.uchicago.edu/slider/index.html>, last assessed December 24, 2013). We assessed statistical significance of summary statistics using an empirical comparison to the control regions, by calculating the upper and lower 2.5 percentiles of each distribution. Specifically, we used the sequenced control regions to perform an empirical comparison of nucleotide diversity (π) and Tajima's *D* values for each *WFDC* gene in each population. For the *WFDC* genes, we ran 10^5^ coalescent simulations using "ms" ([@evt198-B38]) and mutation rate parameters estimated from the sequenced data with SLIDER. For the population recombination parameter, we used the PANMAP estimates of chimpanzee recombination. We assumed demographic models that included constant population size, and historic events as previously described ([@evt198-B35]; [@evt198-B64]), and as inferred by us for each subspecies. For every model, we calculated a null distribution of summary statistics values and calculated the 2.5th and 97.5th percentiles.

We performed HKA tests considering all subspecies in DNAsp 5.1 and using a maximum-likelihood method that incorporates values for multiple neutrally evolving regions ([@evt198-B39]). McDonald--Kreitman test (MKT) was calculated in DNAsp v5.1 using humans as the outgroup and assuming two types of sites: putatively neutral sites (Syn) and functional sites (NSyn) ([@evt198-B57]; [@evt198-B56]).

Haplotype phasing for all samples was inferred separately for the *WFDC* centromeric and telomeric subloci (*WFDC*-CEN and *WFDC*-TEL, respectively; see [fig. 1](#evt198-F1){ref-type="fig"} for *WFDC* locus substructure) using PHASE2.1 ([@evt198-B59]; [@evt198-B58]). Haplotypes were independently inputted in Haploview 4.2 ([@evt198-B4]) to calculate linkage disequilibrium (LD) statistics, *r*^2^ and *D*′, and to identify LD and haplotype blocks ([@evt198-B29]). The potential functional effects at the protein level of non-synonymous (NSyn) SNPs and fixed differences were inferred using PolyPhen v2 ([@evt198-B1]) and SIFT ([@evt198-B44]).

Maximum-likelihood estimates of *d*~N~/*d*~S~ (ω; *d*~S~ -- synonymous substitution rate and *d*~N~ -- non-synonymous substitution rate) were carried out using the *codeml* program from the software package Phylogenetic Analysis by Maximum Likelihood -- PAML version 4.2 ([@evt198-B70]). To run PAML, we first reconstructed a phylogenetic tree (DNAml from Phylogeny Inference Package \[PHYLIP\]; <http://evolution.genetics.washington.edu/phylip.html>, last accessed December 24, 2013). We used the genomic sequences from human (*Homo sapiens*), chimpanzee (*Pan troglodytes*), gorilla (*Gorilla gorilla*), orangutan (*Pongo pygmaeus*), gibbon (*Nomascus leucogenys*), rhesus monkey (*Macaca mulatta*), baboon (*Papio anubis*), and marmoset (*Callithrix jacchus*). They were retrieved from public databases using EPPIN isoform 1 (Uniprot: O95925) and WFDC6 isoform 1 (Uniprot: Q9BQY6) as BLAT templates. *Pan paniscus* was not included in the analysis as the cDNA sequence is equal to *P. troglodytes*. The phylogenetic tree diverged from the known primate phylogeny in the position of orangutan and gibbon branches. To test for variable selection pressures among branches, we performed the branch model using either the null model (one ω ratio for the entire tree) or nested models (two-ratios, three-ratios, four-ratios for the tree) ([@evt198-B69]; [@evt198-B6]). The values of ω \> 1 were considered as evidences of positive selection, and the values ω \< 1 were considered as an indication of purifying selection. The test statistic was constructed as twice the difference in the log of the likelihoods (−2Δ*l*), and significance was assessed by comparing this to the χ^2^ statistic.

Results
=======

We sequenced with Sanger technology 68 chimpanzees ([supplementary table S1](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online) for all *WFDC* and *SEMG* exons distributed across 54 amplicons and 47 neutrally evolving control regions, for a total of 13 Mb ([supplementary table S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). This resulted in the identification of 419 SNPs in the control regions and 849 SNPs in the *WFDC* locus.

Chimpanzee Genetic Structure and Demography
-------------------------------------------

We first characterized the levels of differentiation between subspecies at the control regions using *F*~ST~ ([@evt198-B19]) and PCA ([@evt198-B52]). The pairwise *F*~ST~ values show lower differentiation between *P. t. troglodytes* and *P. t. ellioti* (0.104) than each of them compared with *P. t. verus* (0.392 and 0.400, respectively). The first two principal components (PC1 and PC2) separate *P. t. verus* from the other two subspecies, and the third principal component appears to not separate completely *P. t. troglodytes* from *P. t. ellioti* ([supplementary fig. S2](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). Contrary to previous studies, we could not separate the three subspecies using PCA ([@evt198-B34]; [@evt198-B8]). We further examined the shared ancestry levels of the individuals by performing a Bayesian model-based clustering approach available in the STRUCTURE software ([@evt198-B54]; [@evt198-B21]). The analysis was performed blinded to a population label and two groups (*K* = 2) were recovered ([supplementary fig. S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). The subspecies *P. t. troglodytes* and *P. t. ellioti* could not be confidently distinguished even after the inclusion of the 849 SNPs from the *WFDC* locus (results not shown).

We inferred the demographic history of the three chimpanzee subspecies from control regions data using a Bayesian MCMC approach, based on the phylogenetic tree proposed by previous studies ([@evt198-B34]; [@evt198-B8]). The estimated effective population sizes were ∼52,000 and ∼21,000 for *P. t. troglodytes* and *P. t. verus*, respectively ([table 1](#evt198-T1){ref-type="table"}). These values are within the range of previous models of chimpanzee demography as indicated by the overlaps between confidence intervals ([table 1](#evt198-T1){ref-type="table"}), and the 0.31 Myr estimate for divergence from *P. t. verus* is in the same time frame from previous studies ([table 1](#evt198-T1){ref-type="table"}; [@evt198-B5]; [@evt198-B35]; [@evt198-B64]; [@evt198-B34]). For *P. t. ellioti*, we estimated a recent divergence from *P. t. troglodytes* around 0.173 Ma and an effective size of ∼43,000 individuals, demonstrating values that were of similar order of magnitude to *P. t. troglodytes*. These two subspecies appear to have preserved a similar effective population size to their ancestral population ([fig. 2](#evt198-F2){ref-type="fig"} and [table 1](#evt198-T1){ref-type="table"}). Conversely, the origin of *P. t. verus* is associated with a bottleneck and effective population size reduction ([fig. 2](#evt198-F2){ref-type="fig"}), providing a good fit to previous models of chimpanzee demography ([@evt198-B5]; [@evt198-B35]; [@evt198-B64]; [@evt198-B34]). F[ig]{.smallcaps}. 2.---Schematic representation of the inferred demographic history of the three subspecies: *Pan troglodytes troglodytes* (Ptt); *P. t. verus* (Ptv); and *P. t. ellioti* (Pte). NA, ancestral effective population size; N, effective population size; TDIV, divergence time. Table 1Estimated Parameters Using the 47 Control Regions**Current Study**[**^a^**](#evt198-TF2){ref-type="table-fn"}[@evt198-B34][@evt198-B64][**^b^**](#evt198-TF3){ref-type="table-fn"}**[@evt198-B35]**[**^a^**](#evt198-TF2){ref-type="table-fn"}**[@evt198-B5]**[**^a^**](#evt198-TF2){ref-type="table-fn"}N~Ptt~51,975 (19,737--69,162)---134,900 (75,900--251,200)26,900 (16,100--43,900)23,100 (8,600--59,700)N~Pte~43,512 (19,925--56,175)------------N~Ptv~21,062 (16,500--27,637)---9,800 (5,000--72,400)7,400 (5,400--10,000)10,100 (7,700--21,100)NA~Ptt-Pte~57,412 (18,762--126,287)------------NA~Ptt-Pte-Ptv~70,525 (58,850--91,900)------------NA~Pan~22,787 (1,025--47,175)---89,100 (36,300--245,500)7,100 (3,500--12,500)32,900 (22,200--48,700)T~DIVHomoPan~ (Myr)6.58 (4.34--8.54)------------T~DIV\ Ptt-Pte-Ptv~ (MY)0.31 (0.236--0.405)0.46 (0.37--0.53)0.55 (0.34--0.91)0.46 (0.35--0.65)0.44 (0.32--1.10)T~DIV\ Ptt-Pte~ (Myr)0.173 (0.034--0.237)0.11 (0.09--0.13)---------[^3][^4][^5]

*WFDC* Locus Sequence Diversity
-------------------------------

The patterns of variation in *SEMG1* among individuals include a polymorphic highly repetitive region (9--13 modules encoded by *SEMG1* exon 2) ([@evt198-B41]). Because the modular nature of *SEMG1* precluded a consistent and unambiguous sequence alignment, the SNPs located in this repetitive region were removed from the analysis for quality purposes. A total of 766 fixed differences were identified in comparison with the human genome reference. Twenty-five indels (insertions/deletions) were found, 24 of which were located in introns, UTRs, and intergenic regions. One remaining indel located in *WFDC6* was identified in a single chromosome (*f* = 0.02). Indels were excluded from all analyses, due to their distinct mutation rate and the low overlap with functional regions, which are unlikely to affect protein function or expression. Additionally, from the 456 human--chimpanzee fixed differences located in the *WFDC* locus, only 19 were within coding regions and chimpanzee-specific. Of these, 17 were non-synonymous (NSyn) and most of them were classified as benign by Polyphen v2 and SIFT ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online).

To characterize the within-subspecies variation, we analyzed the folded site frequency spectrum (SFS) for all SNPs and Syn and NSyn sites among *WFDC* genes ([fig. 3](#evt198-F3){ref-type="fig"}). Additionally, we analyzed the deleterious effects of each coding substitution using SIFT and Polyphen ([@evt198-B44]; [@evt198-B1]; [supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). Despite the higher number of NSyn sites in the *WFDC* genes, these are maintained at low frequencies in the overall species, consistent with the predicted mildly deleterious effects ([supplementary table S3](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). For each *WFDC* gene, we calculated summary statistics such as nucleotide diversity (π), Tajima's *D* ([@evt198-B60]), Fu and Li's *D* ([@evt198-B28]), Fay and Wu's *H* ([@evt198-B22]; [@evt198-B73]), and HKA ([@evt198-B39]) ([table 2](#evt198-T2){ref-type="table"}). F[ig]{.smallcaps}. 3.---Folded SFS for the species that were resequenced. The *x* axis depicts the frequency of the allele frequency bin in the generated data set, whereas the *y* axis represents the number of alleles found within each frequency bin. Syn, synonymous changes; NSyn, nonsynonymous changes. (*A*) Folded SFS in *WFDC* locus; (*B*) folded SFS of WFDC locus highlighting coding mutations. Table 2Summary Statistics for All the *WFDC* GenesGeneSubspecies*LS*π (10^−4^)θ~w~*DD*[\*](#evt198-TF5){ref-type="table-fn"}*HP*(HKA)*WFDC5P. t. troglodytes*5,5363211.878.077−0.4202−0.3432−1.66440.3858*WFDC12P. t. troglodytes*1,323163.0264.039−0.63180.4407−0.64370.1866*PI3P. t. troglodytes*3,377257.7486.310−0.37750.13651.54480.9625*SEMG1P. t. troglodytes*3,305234.0155.806−1.172−0.8307−1.27820.7463*SEMG2P. t. troglodytes*4,324318.4717.825−0.87780.2350−2.40920.9241*SLPIP. t. troglodytes*4,7093016.847.5730.50780.62602.51950.9095*WFDC2P. t. troglodytes*3,984245.8506.058−0.72720.3391−3.63220.4648*SPINT3P. t. troglodytes*3,7273510.728.835−0.8613−0.937714.2780.0604*WFDC6P. t. troglodytes*2,807191.2694.796−2.073[\*\*](#evt198-TF6){ref-type="table-fn"}−2.290−1.78390.1907*EPPINP. t. troglodytes*3,233232.3565.806−1.811[\*](#evt198-TF5){ref-type="table-fn"}−2.2185.28280.1362*WFDC8P. t. troglodytes*7,179369.1399.087−1.169−1.0540.59770.5583*WFDC9/10AP. t. troglodytes*6,8634416.6411.11−0.8419−0.86622.07360.2643*WFDC11P. t. troglodytes*5,0375837.4814.64−0.3621−0.10449.01840.4493*WFDC10B/13P. t. troglodytes*7,3654113.9910.35−0.9045−0.8869−5.00230.882*SPINT4P. t. troglodytes*3,527142.2963.534−0.7060−0.1432−1.98620.9805*WFDC3P. t. troglodytes*7,5725120.4812.87−0.9501−0.6436−0.51630.4458*WFDC5P. t. ellioti*5,536249.7515.1100.86700.4099−1.97990.1653*WFDC12P. t. ellioti*1,32371.2771.4910.81780.4173−0.00630.9754*PI3P. t. ellioti*3,377143.9472.9810.9111−0.49561.10210.3997*SEMG1P. t. ellioti*3,305283.4915.962−1.250−0.5904−0.98150.321*SEMG2P. t. ellioti*4,324222.3784.685−1.193−0.4544−0.18610.2107*SLPIP. t. ellioti*4,709305.4646.388−0.8478−1.8754.61130.9302*WFDC2P. t. ellioti*3,984257.9055.3230.2832−0.19605.22260.5012*SPINT3P. t. ellioti*3,727143.8662.9810.86540.52620.79530.2557*WFDC6P. t. ellioti*2,807131.3642.768−0.7455−1.177−1.68380.3477*EPPINP. t. ellioti*3,233233.9364.898−0.6386−0.007912.05710.054*WFDC8P. t. ellioti*7,179295.7596.175−0.6888−1.9904.78420.3548*WFDC9 10AP. t. ellioti*6,8632810.185.9620.38220.93113.17930.0392*WFDC11P. t. ellioti*5,0374215.628.943−0.1915−0.19904.78480.2656*WFDC10BP. t. ellioti*7,365296.9566.175−0.4046−0.21420.0550.2968*SPINT4P. t. ellioti*3,527140.80432.981−1.498[\*\*\*](#evt198-TF7){ref-type="table-fn"}−1.0074.39770.8262*WFDC3P. t. ellioti*7,5725914.7912.56−1.182−0.855415.37390.7554*WFDC5P. t. verus*5,536141.7433.218−0.80860.60419.1480.4733*WFDC12P. t. verus*1,32371.3961.6090.7787−1.027−0.83930.1127*PI3P. t. verus*3,37771.9791.6091.62560.49080.80760.6147*SEMG1P. t. verus*3,305202.3234.598−1.2464−0.8163−1.48840.0296*SEMG2P. t. verus*4,32490.8832.069−0.7344−1.207−0.56660.2473*SLPIP. t. verus*4,709142.7973.218−0.04541.0710.82030.8173*WFDC2P. t. verus*3,98430.2120.690−0.4387−0.37750.76530.3611*SPINT3P. t. verus*3,72791.8652.0690.57110.07503.34250.6688*WFDC6P. t. verus*2,80790.6292.069−1.1725−0.5657−1.09730.0616*EPPINP. t. verus*3,23371.5231.6090.9748−0.2682−0.42070.2532*WFDC8P. t. verus*7,17970.8151.609−0.25370.4908−1.15010.0954*WFDC9/10AP. t. verus*6,863223.3335.057−1.002−0.27203.28960.4979*WFDC11P. t. verus*5,037257.9865.7470.0283−0.33292.4080.0605*WFDC10B/13P. t. verus*7,365143.3563.2180.30201.0710.42490.4759*SPINT4P. t. verus*3,52761.0621.3790.6795−0.4940−0.49890.856*WFDC3P. t. verus*7,5723217.277.3560.68880.370412.2220.8309[^6][^7][^8][^9]

Analysis of the SFS and summary statistics show *P. t. troglodytes* as the subspecies with the highest nucleotide diversity levels and *P. t. verus* as the most homogeneous subspecies ([supplementary fig. S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online, and [table 2](#evt198-T2){ref-type="table"}). Both *P. t. troglodytes* and *P. t. ellioti* Tajima's *D* values are skewed toward negative values, mostly due to their large effective population size and a population expansion that is estimated to have occurred around 50,000 years ago ([@evt198-B64]). Nonetheless, *P. t. verus* Tajima's *D* values are less negative than the other two subspecies, which is likely to result from an extreme decrease in population size and genetic drift ([@evt198-B9]; [@evt198-B35]; [@evt198-B64]). Overall, the analysis of the summary statistics of *WFDC* genes shows no widespread significant departure from neutrality but instead reveals only mildly negative or positive values ([table 2](#evt198-T2){ref-type="table"}).

Selection Tests
---------------

To determine whether specific *WFDC* genes have been under selective pressures in one or all chimpanzee subspecies, we started by comparing the summary statistics for each *WFDC* gene with the empirical distribution of Tajima's *D* in the control regions ([fig. 4](#evt198-F4){ref-type="fig"}). Only *WFDC6* and *EPPIN* show unusual patterns in *P. t. troglodytes* ([fig. 4](#evt198-F4){ref-type="fig"}). Although in this subspecies the allele frequency spectrum is generally skewed toward rare alleles, the Tajima's *D* values of *WFDC6* (−2.073; *P* value = 1^−4^) and *EPPIN* (−1.811; *P* value = 0.025) present the lowest values of control and *WFDC* regions*. WFDC6* also presented a low Tajima's *D* value (−2.1039) and significant HKA (*P* = 0.013) when combining all individuals sequenced ([supplementary table S4](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). The other *WFDC* genes did not show strong significant *P* values pointing to a neutral evolution based on subspecies genetic diversity ([table 2](#evt198-T2){ref-type="table"}). To confirm *WFDC* departures from neutrality, we performed 10^5^ coalescent simulations for each subspecies under different demographic scenarios: constant model (*P. t. troglodytes*, *P. t. ellioti*, *P. t. verus*), our best-fit model (*P. t. troglodytes*, *P. t. ellioti*, *P. t. verus*), Hey 2010 model (*P. t. troglodytes*), and [@evt198-B64] model (*P. t. verus*). *WFDC6* and *EPPIN* present significantly negative Tajima's *D* value compared with all models, but while *WFDC6* shows always values below 1st percentile, *EPPIN* values lie between the 1st and 2.5th percentile ([table 2](#evt198-T2){ref-type="table"}). F[ig]{.smallcaps}. 4.---Empirical comparisons generated from the 47 control regions. Tajima's *D* ([@evt198-B60]) was calculated for each region using SLIDER and plotted with the 2.5 and 97.5 percentiles represented as dashed lines.

The hypothesis of a recent positive selection was excluded due to the absence of LD blocks and homogeneous haplotypes in *P. t. troglodytes* ([supplementary fig. S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online), which prevents long-range haplotype tests from being calculated. To address the hypothesis of an older selective sweep, we performed then MKT, which did not show departures from neutrality in either *WFDC6* or *EPPIN* (results not shown). Notwithstanding, *F*~ST~ statistic in the *WFDC6*--*EPPIN* region is the lowest in the *WFDC* locus ([supplementary fig. S6](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online), and the networks built to assess the *WFDC6* and *EPPIN* haplotype structure show that *WFDC6* has a star-shaped genealogy shared among all subspecies ([fig. 5](#evt198-F5){ref-type="fig"} and [supplementary fig. S7](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). The findings show that in *WFDC6* all NSyn variants are maintained a very low frequencies and that the fixed difference K79E, predicted to alter protein function in EPPIN, is also present in bonobos (\>1 Ma). This suggests strong purifying selection as the likeliest cause for *WFDC6* patterns of diversity. F[ig]{.smallcaps}. 5.---Inferred haplotype network at the *WFDC6*. Each circle represents a unique haplotype, and its area is proportional to its frequency. Within each circle, *Pan troglodytes verus*, *P. t. ellioti*, and *P. t. troglodytes* are labeled in green, purple, and orange, respectively. The mutations that differentiate each haplotype are shown along each branch.

To determine the levels of selective constraints operating at *WFDC6* and *EPPIN*, we aligned the publicly available sequences of both genes for eight primate species (chimpanzee, human, gorilla, orangutan, gibbon, rhesus monkey, baboon, and marmoset). The alignment shows that *EPPIN* has been conserved in all the species. WFDC6 has released constraints with signals of pseudogenization in orangutan, rhesus, and baboon and appears to be absent in marmoset ([fig. 6](#evt198-F6){ref-type="fig"})*.* Evidence for *WFDC6* pseudogenization includes a premature stop codon (W86X) in orangutan, a very early stop codon (S4X) and a five amino acid deletion (28 to 32) in rhesus monkey, and a frameshift mutation (T99fs139X) shared between rhesus and baboon. Also striking is the loss of two disulfide bridges in the Kunitz domain for all the primates, the species-specific loss of one disulfide bridge in the WAP domain from gorilla and gibbon, and the loss of the SEMG1 binding residue in gibbon (C102A)*.* Furthermore, the active site conferring PSA inhibitory activity to EPPIN in WFDC6 was modified from a leucine to a tryptophan (residue 87) in most primates and to a stop codon in orangutan ([fig. 6](#evt198-F6){ref-type="fig"}). F[ig]{.smallcaps}. 6.---Amino acid alignment of WFDC6 and EPPIN. Cysteines are marked in light green; PSA binding site is marked in pink; and disulfide bridges are marked in black lines. Black squares represent stop codons.

We calculated *d*~N~/*d*~S~ (ω) ratios for the paralogs *WFDC6* and *EPPIN*, under alternative models of gene evolution, for the entire sequence data set after the exclusion of *WFDC6* pseudogenes (orangutan, rhesus, and baboon sequences). In cases where no selection is operating, ω should be equal to 1, greater than 1 when purifying selection is acting to preserve protein sequence, and significantly exceed 1 when positive selection is acting to drive divergence of protein sequence. We estimated a single ω value for the entire phylogeny (one-ratio), in which we assumed no differentiation in *WFDC6* and *EPPIN* selective pressures. The observed value (ω = 0.4739) is lower than one suggesting an overall conservation of *WFDC6* and *EPPIN* ([supplementary fig. S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) and [table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online) ([@evt198-B70]). As these two proteins are very similar, we examined whether the two paralogs have been subject to different selective constraints and applied the two-ratio model, allowing the branches that correspond to *WFDC6* and to *EPPIN* clades to have distinct ω values. The ω value for *WFDC6* was close to 1 (ω~WFDC6~ = 0.8846) and almost two times higher than that for *EPPIN* (ω~EPPIN~ = 0.4738), but the model fit did not differ significantly from the one-ratio model (−2Δ*l* = 1.04; *P* value = 0.35). To determine whether *WFDC6* was under different selective constraints in chimpanzees, we performed two more tests: a three-ratio model, where we define the human and chimpanzee and their ancestor as one clade, and another three-ratio model, where we define only the chimpanzee *WFDC6* as an independent clade. Although our results suggest that *WFDC6* might have experienced very different selective pressures, as shown by the human--chimpanzee ω~ancWFDC6~ = 1.1656 and by the chimpanzee ω~WFDC6~ = 0.5886, none of the new tests indicate a significant departure from the two-ratio model ([supplementary table S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1), [Supplementary Material](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) online). Note that the lack of significance is likely due to the limited statistical power of this small data set (only 131 codons).

Discussion
==========

Here, we studied the sequence diversity at the *WFDC* locus and 47 neutrally evolving regions chosen to control for demographic effects in three *P. troglodytes* subspecies, *P. t. troglodytes*, *P. t. ellioti*, and *P. t. verus*. In our data set, we inferred the strength of the selective pressures acting in *WFDC* locus after retrieving the structural and geographical differentiation of the three chimpanzee subspecies. This analysis shows that *P. t. verus* is the least diverse subspecies and a clear defined genetic entity, while the recently separated subspecies *P. t. ellioti* and *P. t. troglodytes* are more diverse and hardly discriminated even with a set of 1,268 autosomal SNPs. In the *WFDC* locus, we pinpointed a single selective signal, which has a high degree of interpopulation homogeneity and identifies *WFDC6* as a gene under purifying selection in chimpanzees. We hypothesize that these selective constraints were driven by a response to sexually transmitted pathogens, as *P. troglodytes* is a promiscuous species and gets infected by a plethora of infectious diseases in the wild.

The contribution of our data to the complex question of chimpanzee demographic history is significant when considering the first model of *P. t. ellioti*. Even though *P. t. ellioti* and *P. t. troglodytes* were hardly discriminated as two distinct populations, we were capable to reconstruct the demographic history of the three chimpanzee subspecies. We detected a consistent differentiation of *P. t. verus* and confirmed that the nucleotide diversity of *P. t. verus* is more similar to humans. The low differentiation of *P. t. troglodytes* and *P. t. ellioti* is consistent with their recent divergence 0.173 Ma and their larger effective population sizes (\>40,000 diploids). A history of population expansion in *P. t. troglodytes* and *P. t. ellioti* is plausible if a subdivision of ancestral population (N~e~ = 57,412) is considered, and this could explain the negative Tajima's *D* trend in both subspecies ([@evt198-B27]; [@evt198-B68]; [@evt198-B26]; [@evt198-B9]; [@evt198-B64]; [@evt198-B34]; [@evt198-B8]).

The signatures of selection identified in the human *WFDC* locus are mainly associated with homogeneous long-range haplotypes and variants located at *SEMG1* (Asians), *WFDC8* (Europeans), and *SPINT4* (Africans), indicating a recent increase in the frequency by selection and not by demographic events ([@evt198-B24]; [@evt198-B25]). In chimpanzees, we assessed the signatures of positive selection by comparing the *WFDC* genes with the empirical distribution built from 47 neutrally evolving regions and with simulated null distributions of chimpanzee demography. Even though we could not detect LD blocks or extended haplotypes in our sequenced data, we found lower levels of nucleotide diversity in *WFDC6* and *EPPIN* genes while compared with other chimpanzee loci. The significantly negative HKA *P* value obtained for the total sample set together with the low subspecies differentiation indicated by *F*~ST~ and the low frequencies of NSyn variants is suggestive of a signature of an old event of purifying selection in *WFDC6* and *EPPIN* in *P. troglodytes*.

To our knowledge, no experimental studies were performed to determine WFDC6 biological functions. However, *WFDC6* is considered a recent paralog of *EPPIN* with 71% sequence similarity and sharing of the same protein functional domains (WAP and Kunitz). EPPIN is known to protect SEMG1 from premature cleavage by its natural protease, PSA, a protease inhibitor activity conferred by L87 residue (P1 reactive site) located in the Kunitz domain. Other recognized roles of EPPIN are its antimicrobial and antiviral activities, providing protection of the spermatozoa ([@evt198-B72]). Due to its important functions in reproduction in primates, it is not unexpected that some level of purifying selection is acting on EPPIN to prevent NSyn mutations from altering its important biological functions. Even in primates experiencing lower levels of postcopulatory selection and lower semen coagulum thickness like gorilla ([@evt198-B17]), it seems that the role of EPPIN in modulating the cleavage of SEMG1 is not affected. However, *WFDC6*, which shows the strongest signature of purifying selection in chimpanzees, does not share the same leucine residue at the reactive site, instead it has in position 87 a tryptophan (W). It is also noticeable that the majority of the replacements seen in WFDC6 include cysteines from the Kunitz domain, which in EPPIN are engaged in disulfide bonds. Therefore, we hypothesize that the serine-protease activity of WFDC6 would be impaired or targeted to a different protease other than PSA. On the other hand, the WAP domain has a highly conserved amino acidic composition between both genes, and the maintenance of the disulfide bridges suggests that the antimicrobial properties of this domain will be maintained ([@evt198-B65]).

Disease transmission during mating provides a connection between reproduction and immunity, where sexually transmitted diseases (STDs) can affect fitness of individuals by imposing different selective pressures on their hosts. Previous studies found a positive correlation between levels of leukocytes (indicator of immunocompetence) and several proxies of female sexual promiscuity among species of primates with different mating systems ([@evt198-B50]; [@evt198-B49], [@evt198-B48]). The lack of associations with several other social, ecological, and life history variables led to the hypothesis that increased levels of transmission of STDs in promiscuous species have resulted in the evolution of a greater investment in immune response ([@evt198-B37]; [@evt198-B67]). Chimpanzees are classified as one of the most promiscuous primate species, where previous signals of rapid evolution of sperm proteins (SEMG1 and SEMG2) were found ([@evt198-B41]; [@evt198-B17]; [@evt198-B40]). Instead, humans, gorillas and gibbons are not promiscuous, maintaining a monoandrous mating system being less subject to STDs.

We hypothesize that chimpanzees, as a promiscuous species, are likely to be more exposed to STD ([@evt198-B50]; [@evt198-B67]; [@evt198-B30]). After the duplication event that originated *WFDC6*, an episode of rapid evolution may have occurred allowing for the accumulation of amino acid replacements. Later in chimpanzee evolution, the newly originated *WFDC6* appears to have been preserved by strong selective constraints, perhaps representing an adaptive response to a higher load of pathogens. Conversely, in less promiscuous species like orangutan, rhesus, and baboon, the signals of pseudogenization present on *WFDC6* seem to be associated with more relaxed constraints (higher ω values) and lower pathogen exposure or to the exploitation of different mechanisms of immune defense ([@evt198-B50]; [@evt198-B49]; [@evt198-B2]; [@evt198-B37]). However, as WFDC6 biological functions and target molecules have not been explored yet, our hypothesis regarding the purifying selective pressures cannot be totally elucidated.

Overall, our data provide support for a clear genetic differentiation of *P. t. verus*, for a recent divergence of *P. t. troglodytes* and *P. t. ellioti* subspecies, and for a single departure of neutrality in the *WFDC* locus due to strong selective constrains acting on *WFDC6*. We hypothesize that the latter may be due to an adaptive process associated to the expanded antimicrobial spectrum of WFDCs in the male reproductive tract.

Supplementary Material
======================

[Supplementary figures S1--S8](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) and [tables S1--S5](http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evt198/-/DC1) are available at *Genome Biology and Evolution* online (<http://www.gbe.oxfordjournals.org/>).
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